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1. Introduction and Background

Several studies [1-3] have indicated that SiC bipolar junction transistors (BJTs) may be
the superior power switching device for blocking voltages between 3 - 5 kV and on-state current
densities between 200 - 500 A/cm®. As blocking voltage increases, BITs have an advantage over
MOSFETs because the forward-biased collector-base junction provides conductivity modulation
of the drift region, reducing specific on-resistance. BITs also have an advantage over IGBTs and
GTOs because the BIT does not introduce a forward-biased diode drop into the current path. In
SiC, the diode drop is about 2.8 V, resulting in significant on-state power dissipation. At very
high current densities (well above 500 A/cm®), the GTO has the lowest static power dissipation
because of its greater conductivity modulation. However, the GTO exhibits higher switching loss
than the BJT, and therefore is at a significant disadvantage for high-frequency switching
applications.

Historically, silicon BJTs were the first power switching devices, but they were eventually
replaced by power MOSFETs and later by IGBTs. Two of the problems with silicon BJTs were
their low current gain and their limited safe operating area (SOA) due to “second breakdown”.
Because of the 10x higher breakdown field in SiC, SiC BJTs avoid the fatal shortcomings of
silicon BJTs. First, the higher breakdown field allows the collector drift region and base to be
much narrower for a given blocking voltage, resulting in higher current gain. Second, SiC BJTs
simply do not suffer from second breakdown. Second breakdown occurs under high-level
injection conditions when minority carriers injected into the collector drift region cause the net
charge density to reverse polarity, shifting the peak electric field from the base edge of the drift
region to the sub-collector edge (the N-/N+ junction). Avalanche multiplication then occurs in
this high-field region, feeding holes back into the base where they act as base current, increasing
the collector current and causing runaway. At a blocking voltage of 4.5 kV, the critical current
density for second breakdown in a silicon BJT is about 30 Al/cm’?, whereas in a SiC BJT it is over
6200 A/cm® [1]. Clearly, second breakdown is not an issue in SiC.

Ideally, the performance of SiC BJTs, 3}0wér MOSFETs, and GTOs should be compared in a
three-dimensional parameter space defined by blocking voltage, on-current density, and
switching frequency. No one has done such a thorough comparison as yet. However, recent
calculations performed by Huang and Zhang [1] provide some insight. Huang and Zhang
determined the locus of constant power dissipation for the SiC MOSFET, BIT, and GTO as a
function of on-current and switching frequency at a constant blocking voltage of 4.5 kV. The
power dissipation chosen for comparison was the package limit of 1.3 kW/em®. For current
densities below 200 A/cm?, the MOSFET has the highest permissible switching frequency. For
current densities between 200 - 450 A/cm’, the BJT has the highest permissible frequency, and
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above 450 A/cm’ the GTO is highest. However, the maximum switching frequency the GTO can
achieve is less than 500 Hz because of minority carrier charge storage in the drift region. For
comparison, the BJT can switch at 8 - 50 kHz, and the MOSFET can switch 3i 50 - 300 kHz. The
basic conclusion is that for blocking voltages between about 3 - 5 kV, the MOSFET is limited to
low current densities and the GTO is limited to low switching frequencies. The BJT is the
superior device in this blocking voltage range.

As blocking voltage is reduced, the MOSFET tends to win over a broader range of current
densities. The MOSFET is clearly the best device at low current densities (< 200 A/cm?), with the
crossover current density increasing as the blocking voltage is reduced. The GTO is superior at
very high current densities (> 500 A/cm?®), but then only at low switching frequencies.

Physically, the BJT achieves lower resistive drops than the MOSFET at a given blocking
voltage because the forward-biased collector-base junction injects holes into the collector drift
region, lowering its resistance by conductivity modulation. Also, since the BJT has an even
number of pn junctions, there is no forward-biased diode drop to dissipate on-state power, unlike
the IGBT and GTO. As aresult, the BJT has lower on-state power dissipation than the GTO,
IGBT, or MOSFET for current densities up to 500 A/cm’ at 4.5 kV. Huang and Zhang’s
simulations show that the BJT also has lower switching loss than the GTO (by an order of
magnitude), although its switching loss is higher than the MOSFET.

In this project we have designed, fabricated, and characterized 4H-SiC homojunction BITs
with record high current gains § > 50, and BJTs with the highest blocking voltage yet reported,
BV > 3,200 V. These results will be described in the following sections.

References

[1] A. Q. Huang and B. Zhang, “Comparing SiC Switching Power Devices: MOSFET, NPN
Transistor, and GTO Thyristor,” submitted to Solid-State Electronics, April, 1999,

[2] A. K. Agarwal, private communication, ONR Wide Bandgap Bipolar Workshop, January
1999.

[3] T.P. Chow, ONR/MURI program review, January 1999.
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2. High Current-Gain 4H-SiC NPN Bipolar Junction Transistors

Device Fabrication

An interdigitated finger structure with 28 um pitch is used for the 4H-SiC npn bipolar
transistors. The emitter, base, and collector layers are epitaxially grown on an n+ substrate.
The top n+ emitter layer is 1 pm thick, doped 1x10'* cm™ with nitrogen. The p-type base layer
is also 1 um thick, doped 1.2x10'” cm™ with aluminum. The n- collector layer is 20 um thick,
doped 2.4x10"* cm™ with nitrogen. Emitter fingers and base mesas are defined by reactive ion
etching in SF¢. Aluminum is implanted to form p+ contact regions along each base finger. A
- second aluminum implant creates a junction termination extension (JTE) [6] around the base
mesa with dose/energy of 1x10'%/40, 2x10'%/100, 3x10'%/200, and 5x10'%/350 ke V/em™.
Implants are activated at 1600 °C for 30 minutes in argon. The surface is passivated by an
MOS-quality thermal oxide grown in wet oxygen at 1150 °C for 2.5 hours, followed by an in-
situ argon anneal at 1150 °C for 1 hour and a re-oxidation anneal in wet oxygen at 950 °C for 2
hours. P-type base contact metals are 30 nm titanium followed by100 nm aluminum. N-type
emitter and collector contacts are 100 nm nickel. All contacts are annealed at 1000 °C for 2

minutes in argon. A 0.8 ym gold layer is deposited as the top interconnect metal, and 0.5 pm of

gold is deposited on the back for the collector contact. A cross section of the device structure
is shown in Fig. 1.

Results and Discussion

Both n-type and p-type contacts exhibit ohmic characteristics with contact resistivity
of 1.8x107° and 9.0x10™ ohm-cm? measured from TLM structures. F igure 2 shows the on-
state characteristics of a BJT with active area of 1.05 mm? and finger length of 350 um at
room temperature, measured using a Tektronix 371A curve tracer. The base current is pulsed
to avoid heating the device under test. This device carries 2 A (190 A/em?) at a forward
voltage of 5 V and base current of 50 mA. The DC current gain in the forward active region is
around 55, and the specific on-resistance is 26 mQ-cm?, about 5 to 6 times higher than the
theoretical unipolar value for the collector epilayer. This device has BVcgo of 500 V and

BVcgo of 700 V, only 20% of the theoretical value for this collector epilayer. We attribute
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the low blockihg voltage to punchthrough in the base caused by aluminum spiking during the
high-temperature ohmic contact anneal. Prior to the contact anneal, BV go was greater than
1,900 V on a test diode. Figure 3 shows current gain B versus collector current density Jc of a

small device (active area = 55x55 um?). This device maintains B above 50 at current density
above 700 A/cm?.

Small BT test devices are used to investigate the effect of the p+ base contact implant
on the current gain. Figure 4 shows the averaged value of current gain on more than 30 devices
at each data point. Also shown in the figure are similar result obtained in a previous
experiment [7], which used the same fabrication technology and emitter/base design. The
only difference is the base dose Q. Both curves show that as the spacing between the pt
base contact implant and the edge of the emitter finger decreases, the current gain decreases.
We believe this is due to recombination at defect sites introduced by the p+ implant. When
the p+ implant is self-aligned to the emitter finger, i. e. the gap is zero, current gain is
dominated by the recombination in the base. The base dose Qg has hardly any effect on the
current gain in this case. When the p+ implant is more than 3 pm away from the emitter, the
recombination in the base region is reduced. In this case the current gain is dominated by
emitter injection efficiency and is inversely proportional to ionized dose [8]

B~1/Qp

The current gain doubles when the base dose is reduced by nearly half.
Conclusions

We have fabricated 4H-SiC BITs with current gain of 55, the highest values yet
reported. The surface is passivated by an MOS gate-quality oxide to reduce surface
recombination. We compare the current gain corresponding to different base doses in
different devices, and find that the gain is sensitive to the spacing between the p+ base
contact implant and the edge of the emitter finger. The current gain is limited by emitter

injection efficiency if the spacing is greater than 3 pm, and by recombination at the base

contact implant if the spacing is less than 1 pm
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Figure 1. A schematic cross section view of the 4H-SiC BJT.
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Figure 2. On-state characteristics of a 4H-SiC BJT with active area of 1.05 mm®
and finger length of 350um. The horizontal division is 2V. The vertical division

is 500mA. The base current increment is 10 mA.
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Figure 3. Current gain B versus collector current density Jc of a small BJT with
active area of 55x55 um®.
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contact implant and the edge of the emitter finger. For spacings above 3 um, the current gain is
determined by emitter injection efficiency, and is inversely proportional to base dose. For
spacings below 1 um, the current gain is limited by recombination at the base contact implant.




3. Bipolar Junction Transistors in 4H-SiC with BV, > 3,200 V

Device Design and Fabrication

In this work, both emitter and base layers are formed by epitaxy, so the emitter and base
widths are well controlled. In addition, the carrier lifetime is expected to be longer in an epilayer
than in an implanted region. These devices have an interdigitated finger structure to minimize
current crowding due to the lateral resistance of the base layer. Single zone junction termination

extension (JTE) is used to reduce field crowding at the device periphery in the blocking state [4].

Bipolar transistors are fabricated in n+/p/n- epilayers on the (0001) surface of a conducting
n+ 4H-SiC substrate cut 8° off axis. The top n+ emitter layer is 1 pm thick, doped above 1x10'°
cm™ with nitrogen; the p-type base layer is 1 um thick, doped 2x10'” cm™ with aluminum; and
the n- collector layer is 50 pum thick, doped 8x10' cm™ with nitrogen. Emitter fingers are defined
by reactive in etching in SFs. P+ base contact regions are formed along each base finger by
implantation of aluminum at 650 °C at dose/energies of 6x10'%/40 and 1.6x10'%/130 (cm™2/keV).
The JTE ring is formed by a second aluminum implantation at 650 °C and dose/energies of
1x10'%/40, 2x10'%/100, 3x10'%/200, and 5x10'%/350 (cm/keV). Both implants are activated by
annealing at 1600°C for 30 minutes in argon. The implant activation percentage is estimated to be
70%. After an RCA clean, an MOS-quality oxide is thermally grown in wet O, at 1150°C for 2.5
hours to passivate the surface. P-type base ohmic contacts are composed of 30 nm titanium
followed by 100 nm of aluminum, and n-type emitter and back side contacts are 100 nm of
nickel. All contact s are annealed at 1000°C for 2 minutes in argon. A 0.5 um gold layer is”

deposited on the back, and a 0.8 um gold layer is deposited as top interconnecting metal. A

cross-sectional view of the device is shown in Fig. 1.
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Results and Discussion

Current-voltage curves of the fabricated devices are extracted using an HP-4156
semiconductor parameter analyzer and a Tektronix 371A curve tracer. The high voltage
performance is measured with samples immersed in Fluorinert. Elevated temperature

measurements are performed on a hot chuck.

The n-type and p-type contacts are ohmic after anneal, with specific contact resistivities of
2x107 and 1x10” Q-cm? at room temperature, as determined from TLM measurements.
Although the p-type contact resistance is higher than the n-type, the estimated additional voltage
drop due to the contact resistance is less than 0.1 V, which is small compared with the built-in

potential of the emitter-base junction. Therefore the effect of p-type contacts on device

performance can be neglected.

Figure 2 shows the on-state characteristics of a large device with active area = 1.05 mm?
(finger length = 350 um) at room temperature. The device carries 1.2A (115 A/em®) at a forward
voltage of 11.5 V and a base current of 80 mA. DC current gain is 15. The specific on-resistance
is 78 mQ-cm?, about 1.9 times higher than the theoretical unipolar value for this epilayer. Figure
3 shows that BV g is greater than 3,200 V, about 40% of the theoretical vélue for a one-sided

Step junction on this n-type epilayer. The figure of merit VBz/RON’g? is 131 MW/cm?, comparable
with the best SiC MOSFETs reported to date [5, 6].

Figure 4(a) shows the on-state characteristics of a small device with active area of 0.0072
mm? (finger length = 60 um) at room temperature. The device maintains a current gain greater
than 20 up to a collector current of 300 A/cm? at a Ve of 10 V. Above this current density, the
device enters saturation, and the current gain is reduced because the base-collector Jjunction is
forward biased. Roy sp is 28 mQ-cm?, smaller than the theoretical unipolar value. This can be
explained by lateral spreading of current in the thick collector in the small size devices, and
conductivity modulation in the collector region. From Fig. 4(b), the ideality factor for base

current Mg is close to 2, indicating the base current is dominated by recombination. The collector
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current, on the other hand, is dominated by nc = 1 diffusion current. The power dissipated in

driving the base current of the small BJT is only about 2% of its total on-state power loss.

The dependence of current gain on the gap “d” between the p+ base contact implant and the
emitter edge (see Fig. 1) is shown in Fig. 5. As the base contact implant is brought closer to the
emitter edge, the current gain decreases monotonically. It is likely that the p+ implant introduces
defects that are not completely removed during the activation anneal. As the implanted region is
brought within anelectron diffusion length of the emitter edge, recombination at these defect sites

reduces the current gain. Roy sp increases and  decreases with operating temperature, consistent

with observations of other groups [2, 3].
Conclusions

4H-SiC npn BITs are fabricated on 50 pm n-type epilayers. An open-base blocking
voltage BV cgo of 3,200V is achieved, the highest value reported to date for SiC BJTs.
Large devices exhibit a common emitter current gain of 15 and a specific on-state
resistance of 78 mQ-cm?. Small devices exhibit a current gain around 20. The figure of
merit Vg*/Roygp is 131 MW/cm?, comparable with the best reported SiC MOSFETs. A
parallel study indicates that the spacing between p+ base contact implant and the edge of

the emitter has a strong effect on current gain. This is attributed to recombination at

defect sites within the implanted p+ region.
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Figure 1. Schematic cross section of the 4H-SiC BJTs. Note the critical dimension “d”

between the edge of the emitter and the edge of the P+ base contact implant. This

dimension is critical to achieving high current gain, as discussed in Section 2.
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Figure 2. On-state characteristic of the large BJT (active area = 1.05 mm?) at room

temperature.

Figure 3. Blocking characteristic of the large BJT (Vo > 3,2007).
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Figure 4. On-state characteristics of the small BJT (active area = 0.0072 mm?) at room
temperature. (a) I-V curves, (b) Gummel plot at Vez = 10 V.
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Figure 5. Current gain of the small BJT as a function of spacing “d” between the p-fype
base contact implant and the edge of the emitter.




